D uring controlled mechanical ventilation (CMV), the diaphragm is rendered completely inactive, resulting in a rapid onset of diaphragmatic atrophy and contractile dysfunction in both animals and humans (1) (2) (3) (4) (5) . Indeed, as few as 12-18 hrs of CMV results in significant diaphragm atrophy and contractile dysfunction in both laboratory animals and humans, and 25% of all patients admitted to the adult intensive care unit receive mechanical ventilation (MV) for >12 hrs (2) (3) (4) (6) (7) (8) (9) (10) . Strong evidence now indicates a causal link between CMV and diaphragm pathology (2, 4, 5) and diaphragmatic weakness is thought to be an important contributor to the difficulties in weaning patients from mechanical ventilation (2) . At the present time, weaning accounts for up to 40% of the total time spent on the ventilator and this prolongation of time on the ventilator is associated with increased morbidity, mortality, and large increases in healthcare costs (9, 11) . Therefore, developing strategies to protect the diaphragm from ventilator-induced weakness is imperative.
CMV-induced diaphragmatic atrophy and weakness occurs primarily as a result of accelerated protein degradation (2, (12) (13) (14) . During CMV, diaphragmatic protein breakdown occurs through the degradation of myofibrillar proteins through the ATP-dependent ubiquitin-proteasome pathway (10, 15, 16) . However, the ubiquitin-proteasome cannot release and degrade intact actomyosin complexes, and thus myofilaments must be released from the sarcomere to be degraded by the proteasome system (17) (18) (19) . This actomyosin release from the sarcomere is achieved by cleavage of structural proteins by the activation of both calpain and caspase-3. Indeed, our work indicates that CMV-induced activation of calpain and caspase-3 is essential, and possibly the rate-limiting step, for CMV-induced diaphragmatic atrophy (12, 13, 17, 20) . Additionally, recent evidence from our laboratory demonstrates that oxidative stress is an upstream trigger required for CMV-induced activation of calpain and caspase-3 in the diaphragm (6) .
Objectives: Previous workers have demonstrated that controlled mechanical ventilation results in diaphragm inactivity and elicits a rapid development of diaphragm weakness as a result of both contractile dysfunction and fiber atrophy. Limited data exist regarding the impact of pressure support ventilation, a commonly used mode of mechanical ventilation-that permits partial mechanical activity of the diaphragm-on diaphragm structure and function. We carried out the present study to test the hypothesis that high-level pressure support ventilation decreases the diaphragm pathology associated with CMV.
Methods: Sprague-dawley rats were randomly assigned to one of the following five groups:1) control (no mechanical ventilation); 2) 12 hrs of controlled mechanical ventilation (12CMV); 3) 18 hrs of controlled mechanical ventilation (18CMV); 4) 12 hrs of pressure support ventilation (12PSV); or 5) 18 hrs of pressure support ventilation (18PSV).
Measurements and Main Results: We carried out the following measurements on diaphragm specimens: 4-hydroxynonenala marker of oxidative stress, active caspase-3 (casp-3), active calpain-1 (calp-1), fiber type cross-sectional area, and specific force (sp F). Compared with the control, both 12PSV and 18PSV promoted a significant decrement in diaphragmatic specific force production, but to a lesser degree than 12CMV and 18CMV. Furthermore, 12CMV, 18PSV, and 18CMV resulted in significant atrophy in all diaphragm fiber types as well as significant increases in a biomarker of oxidative stress (4-hydroxynonenal) and increased proteolytic activity (20S proteasome, calpain-1, and caspase-3). Furthermore, although no inspiratory effort occurs during controlled mechanical ventilation, it was observed that pressure support ventilation resulted in large decrement, approximately 96%, in inspiratory effort compared with spontaneously breathing animals.
Conclusions: High levels of prolonged pressure support ventilation promote diaphragmatic atrophy and contractile dysfunction. Furthermore, similar to controlled mechanical ventilation, pressure support ventilation-induced diaphragmatic atrophy and weakness are associated with both diaphragmatic oxidative stress and protease activation. (Crit Care Med 2012; 40:1254-1260) KEy WORdS: assist ventilation; atrophy; disuse muscle atrophy; controlled mechanical ventilation; pressure support ventilation Pressure support ventilation (PSV) is a commonly used mode of partial ventilatory support in countries around the world (9, 21) . During PSV, the patient triggers each breath and the ventilator delivers a flow up to a preset pressure limit (22) (23) (24) . Therefore, unlike CMV, which renders the diaphragm completely inactive, PSV can permit inspiratory muscle activation, which is lower than spontaneous breathing (22) . Although many studies have investigated the impact of CMV on diaphragmatic proteolysis and weakness, few data exist regarding the impact of other commonly used modes of MV on diaphragmatic oxidative stress, protease activation, and contractile function. To address this gap in our knowledge, we tested the hypothesis that compared with CMV, animals exposed to high levels of prolonged PSV will exhibit less diaphragmatic oxidative stress, protease activation, atrophy, and contractile dysfunction.
METHODS
An online supplement of the Materials of Methods section can be viewed through the following link (Supplemental Digital Content 1, http://links.lww.com/CCM/A368).
Animals
These experiments were approved by the University of Florida (Gainesville, FL) Animal Use Committee. Sprague-Dawley rats (4 months old) were randomly assigned to one of five groups (n = 8 per group): 1) an acutely anesthetized control group (CON) with no MV; 2) 12-hrs controlled MV group (12CMV); 3) 18hrs CMV group (18CMV); 4) 12-hrs PSV group (12PSV); and 5) 18-hrs PSV group (18PSV).
Acutely Anesthetized Controls
Control animals were subjected to an acute plane of surgical anesthesia with an intraperitoneal injection of sodium pentobarbital (60 mg/kg body weight).
Mechanical ventilation Protocol
All surgical procedures were performed using aseptic techniques. Animals in both the CMV and PSV groups were anesthetized with an intraperitoneal injection of sodium pentobarbital (60 mg/kg body weight), tracheostomized, and mechanically ventilated (Servo Ventilator 300; Siemens) for 12 or 18 hrs. During CMV, animals were ventilated with time-triggered, pressure-limited ventilation. Upper airway pressure limit did not exceed 12 cm H 2 O above positive end-expiratory pressure and was typically set at approximately 8 cm H 2 O above positive end-expiratory pressure to maintain blood gas homeostasis and tidal volumes from 5 to 8 mL/kg. Respiratory rate was set at 80 breaths/min, inspiratory rise time was set at 5%, and positive end-expiratory pressure was 1 cm H 2 O. During PSV, animals were ventilated with pressure-triggered, pressure-limited ventilation using identical ventilator settings as the animals in the CMV group.
On completion of MV, the diaphragm was quickly removed and a strip of the medial costal diaphragm was used for in vitro contractile measurements and the remaining portion was frozen in liquid nitrogen and stored at -80C for measurement of diaphragmatic time-tension index (TTI). To evaluate the level of support applied by the ventilator during PSV, we measured the TTI of the diaphragm in both spontaneous breathing rats and animals undergoing PSV. In this regard, the TTI has been used to estimate both the mechanical load and energy use of the diaphragm during a variety of experimental conditions (25) . Briefly, we measured the inspiratory pressure generated and the temporal components of the breathing cycle in four rats that were switched back and forth between spontaneous breathing and PSV. This was achieved using a device described by Mortola and colleagues (26) that was connected to a nonbreathing valve (Hans Rudolf). The generated inspiratory pressures in the upper airway were measured using a pressure transducer (Auto Tran, USA); these values reflect the peak negative inspiratory pressure generated before triggering the ventilator. Using mean values for 30-50 breathing cycles, the TTI of the diaphragm was computed as (Ti/Ttot) 3 (Pneg/Pimax) where Ti is the inspiratory time, Ttotis the total duration of the respiratory cycle, Pnegis inspiratory pressure, and Pmaxis the estimated maximal inspiratory pressure generated by the respiratory system in rats (i.e., -80 cm H 2 O) (27) .
Biochemical Measures
Plasma Cytokines. It is well established that circulating cytokines contribute to muscle wasting in diseases such as cancermediated cachexia (28) (29) (30) (31) . Furthermore, it appears feasible that MV-induced lung injury could result in increased cytokine production in the lung and subsequently promote an increase in circulating cytokines during prolonged MV (32) (33) (34) (35) . At present, it is currently unknown if PSV and/or CMV result in increased circulating cytokines. Therefore, we measured the levels of circulating cytokines (i.e., KC, interleukin-6, interlukin-1, tumor necrosis factor-, and interferon-) in the plasma of CON rats and in animals after 18PSV and 18CMV. Plasma analysis was performed by the Procarta Cytokine Assay Service (Affymetrix, Santa Clara, CA).
Western Blot Analysis. 4-Hydroxynonenal (4-HNE; Abcam) was probed as a biomarker of oxidative stress in the diaphragm, whereas proteolytic activity was assessed by analysis of cleaved (active) calpain-1 (Cell Signaling) and cleaved (active) caspase-3 (Cell Signaling).
20S Proteasome Activity. The in vitro chymotrypsin-like activity of the 20S proteasome was measured fluorometrically using techniques described by Stein et al (36) .
Measurement of In Vitro Diaphragmatic Contractile Properties. On euthanasia, a diaphragm muscle strip, including the tendinous attachments at the central tendon and rib cage, was dissected from the midcostal region. The muscle strip was suspended vertically with one end connected to an isometric force transducer (model FT-03; Grass Instruments, Quincy, MA) within a jacketed tissue bath and diaphragm skeletal muscle contractile properties were measured (4).
Histologic Measures
Myofiber Cross-Sectional Area. Sections from frozen diaphragm samples were cut at 10 mm using a cryotome (Shandon Inc., Pittsburgh, PA) and stained as described previously (12) . Cross-sectional area was determined using Scion software (National Institutes of Health, Bethesda, MD).
Statistical Analysis
Comparisons between groups for each dependent variable were made by a one-way analysis of variance, and, when appropriate, Tukey's honestly significant difference test was performed post hoc. Significance was established at p < .05. Data are presented as means 6 SE.
RESULTS

Systemic, Biological, and Cytokine Response to CMv and High-Level PSv
There were no significant differences in body weight between the groups (0.297 6 0.005, 0.299 6 0.004, 0.304 6 0.005, 0.304 6 0.004, and 0.300 6 0.002 kg for CON, 12PSV, 12CMV, 18PSV, and 18CMV, respectively) before initiation of MV. Heart rate (300-420 beats/min), systolic blood pressure (70-130 mm Hg), and colonic (body) temperature (36-37C) were maintained relatively constant during both the 12 and 18 hrs of CMV and PSV. In addition, PA O2 and Pa CO2 were maintained relatively constant during CMV and PSV:Pa O2 ranged from 60 to 89 Torr and Pa CO2 ranged from 34 to 46 Torr. Importantly, there were no significant differences between experimental groups in any of these measures at the completion of 12 or 18 hrs of CMV or PSV. Furthermore, there were no differences in plasma levels of KC, interleukin-6, interleukin-1, tumor necrosis factor-, or interferon- among CON, 18PSV, and 18CMV ( Table 1 ).
Assessment of Diaphragmatic Activity During High Level PSv Using TTI
To estimate the level of diaphragmatic activation in our experiments, we measured the TTI in both animals undergoing PSV and spontaneously breathing animals ( Table 2 ). Note that the observed TTI in the spontaneous breathing animals is comparable to values reported by others (27) . Also, notice that compared with PSV animals, the TTI was significantly higher in the spontaneously breathing animals.
Oxidative Stress
We measured 4-HNE as a biomarker of oxidative damage in the diaphragm. 4-HNE is the primary adduct formed during the lipid peroxidation cascade and 4-HNE has been reported to be a reliable marker used to assess oxidative stress and damage in tissue (37) . Diaphragmatic 4-HNE was significantly increased in-12CMV (39%), 18PSV (29%), and 18CMV (43%) compared with control ( Fig. 1 ). Furthermore, both 12CMV and 18CMV produced a significant increase in 4-HNE-modified proteins compared with 12PSV ( Fig. 1 ).
20S Proteasome Activity
We measured 20S proteasome activity as a marker of proteolysis. Chymotrypsin-like 20S proteasome activity was significantly increased in 12CMV (36%), 18PSV (73%), and 18CMV (73%) (Fig. 2) . Furthermore, chymotrypsin-like 20S proteasome activity was significantly increased with longer durations of both PSV (18PSV) and prolonged CMV (18CMV) compared with 12PSV ( Fig. 2 ).
Calpain and Caspase-3 Activation
The dissociation of actomyosin complexes occurs through activated proteases cleaving structural myofilament proteins (17) (18) (19) . Recent work indicates that oxidative stress is required for MV-induced protease activation in the diaphragm (6) . Thus, because of the MV-induced increases in diaphragmatic 4-HNE levels, we also measured the levels of calpain and caspase-3 activity. This was achieved through Western blotting by assessment of the cleaved and active bands ofcalpain-1 and caspase-3. Calpain-1 activity in the diaphragm was significantly increased in 12CMV (59%), 18PSV (52%), and 18CMV (75%) compared with control ( Fig. 3) . Additionally, calpain-1 was significantly elevated in 12CMV and 18CMV compared with 12PSV ( Fig. 3) .
Interestingly, compared with the control, calpain-1 is activated in the diaphragm after 12 hrs of CMV but longer durations (e.g., 18 hrs) are required for calpain-1 activation in the diaphragm during PSV. Caspase-3 is activated through the cleavage of procaspase-3 and a significant increase in the 19-kDa cleaved (active) caspase-3 protein was observed in the diaphragm of 12CMV (37%), 18PSV (75%), and 18CMV (119%) animals compared with the control (p < .05). Furthermore, prolonged PSV (18PSV) resulted in a significant increase in active caspase-3 in the diaphragm compared with 12PSV, and prolonged Table 1 . Levels of plasma cytokines for CON (n = 12), 18PSV (n = 5), and 18CMV (n = 7)
Parameter (pg/mL -1 ) CON CMV (18CMV) resulted in a significant increase in active caspase-3 compared with both 12PSV and 12CMV (Fig. 4 ).
Diaphragmatic Myofiber Atrophy
Increased proteolysis and decreased rates of protein synthesis during MV results in atrophy of diaphragm myofibers (3, 38, 39) . In the current experiments, diaphragm myofiber cross-sectional area was determined in all groups (Fig. 5) . Compared with the control, 12PSV resulted in significant diaphragmatic atrophy only in type IIx/IIb diaphragm myofibers. In contrast, 12CMV, 18PSV, and 18CMV promoted atrophy of type 1, type IIa, and type IIx/IIb diaphragm myofibers. However, note that compared with the control, the relative proportions of fiber types did not change as a result of CMV or PSV. Therefore, although prolonged CMV and PSV both promote diaphragmatic atrophy, the speed of PSV-induced diaphragmatic atrophy occurs at a slower rate than CMV.
Diaphragmatic Contractile Dysfunction
In addition to diaphragmatic myofiber atrophy, the protease-mediated cleavage of intact myofilaments and dissociation of actomyosin complexes in the diaphragm can negatively impact contractile function. Therefore, we also evaluated the impact of prolonged PSV and CMV on diaphragmatic contractile performance. Compared with the control, diaphragmatic contractile performance was significantly depressed at most stimulation frequencies in the12PSV, 18PSV, 12CMV, and 18CMV groups (Fig. 6) . Also, note that maximal isometric twitch force was significantly reduced by 9.8% after 12PSV and 16.7% after 18PSV, whereas significant twitch decreases of 26.9% and 28.5% occurred after 12CMV and 18CMV, respectively.
DISCUSSION
Overview of Principal Findings
It is well established that prolonged CMV results in a rapid onset of proteolysis that contributes to diaphragmatic atrophy and weakness. However, little is known about the effects of other commonly used modes of MV on diaphragmatic atrophy and weakness. The current study provides important new and important information regarding the effects of a commonly used mode of partial ventilatory support (i.e., PSV). Although a study by Futier et al (41) have previously examined the impact of PSV on ventilator-induced diaphragm proteolysis and protein synthesis, this is the first study to demonstrate that high levels of prolonged PSV results in significant diaphragmatic atrophy and contractile dysfunction. Similar to CMV, high-level PSV-induced diaphragmatic atrophy is accompanied by an increase in both oxidative stress and protease activation with no change in plasma cytokines. This is significant because oxidative stress and protease activation (e.g., calpain and caspase-3) in the diaphragm are both requirements for MV-induced diaphragmatic weakness (6, 10, 13, 16, 42, 43) . Hence, the current experiments reveal that the mechanisms involved in PSV-induced diaphragmatic atrophy appear similar to those previously reported for CMV. A detailed discussion of these findings and other important results follow.
Both CMv and High-Level PSv Promote Diaphragmatic Atrophy
Numerous studies indicate that prolonged CMV leads to rapid diaphragmatic atrophy in all fiber types of both animals and humans (3, (6) (7) (8) 44) . Similarly, in the current experiments, as few as 12 hrs of CMV resulted in a significant reduction in the cross-sectional area of all diaphragm fiber types (Fig. 5 ). In contrast, 12 hrs of PSV resulted in atrophy of only diaphragmatic type IIx/b fibers.
Compared with the control, both 18 hrs of PSV and CMV result in significant diaphragmatic muscle fiber atrophy in all fiber types compared (Fig. 5 ).
High-Level PSv Promotes Diaphragmatic Contractile Dysfunction but at a Slower Rate Than CMv
Many studies indicate that prolonged CMV results in diaphragmatic contractile dysfunction in both humans and other animals (3, 6, 7, (45) (46) (47) (48) (49) . However, to our knowledge, this study is the first study to demonstrate that PSV also promotes diaphragmatic contractile dysfunction. Interestingly, compared with control animals, both 12 and 18 hrs of high-level PSV promote significant diaphragmatic contractile dysfunction over a wide range of stimulation frequencies (Fig. 6 ). However, when compared with the same duration of CMV, the magnitude of the diaphragmatic contractile dysfunction observed during PSV was significantly lower at all stimulation frequencies. For example, compared with the control, 18 hrs of PSV resulted in an approximate 16% decrease in diaphragmatic maximal tetanic-specific force production, whereas 18 hrs of CMV resulted in an approximate 24% reduction in maximal diaphragmatic specific force production ( Fig. 6 ).
To date, only one published report has documented the impact of a partial support mode of mechanical ventilation on diaphragmatic contractile dysfunction. Specifically, a study by Sassoon et al (46) reported that 72 hrs of assist control MV in rabbits results in a small but insignificant decrease in diaphragmatic contractile dysfunction. The explanation for the divergent results between the present study and the Sassoon et al report is not clear but could be the result of differing levels of diaphragmatic contractile activity between the two studies. Indeed, current evidence suggests that the magnitude of MV-induced diaphragmatic weakness is largely dependent on the level of diaphragmatic inactivity during prolonged MV. For example, a study by Gayan-Ramirez et al (50) demonstrated that short periods (i.e., 5-min per hour) of intermittent spontaneous breathing during prolonged CMV can partially attenuate CMV-induced contractile dysfunction. Thus, diaphragmatic contractile activity during MV appears to be inversely related to the level of MV-induced diaphragmatic weakness.
To determine how much PSV reduced diaphragmatic activation below the level of activity during spontaneous breathing, we estimated the magnitude of diaphragmatic activity during both PSV and spontaneous breathing by calculating the TTI (27) . Compared with the TTI of spontaneous breathing animals, the TTI of PSV animals was reduced by approximately 96% ( Table 2 ).These findings indicate that the pressure-triggered pressure support settings used in the current study resulted in large reductions in diaphragmatic activity compared with spontaneous breathing. Currently it is unclear in the literature as to the precise effort of breathing in patients being mechanically ventilated with PSV. The possibility exists that a 96% reduction in TTI is not representative of the majority patients ventilated with PSV and could potentially represent a "high level" of pressure support. However, as a result of a lack of clinical studies in the area, it is difficult to clearly identify what "level" of pressure support the present study used. Nonetheless, the present study followed the mechanical ventilator manufacturer's (Siemens) guidelines for setting and adjusting trigger sensitivity and thus likely represents the settings commonly used clinically. However, it should be noted that that "lower" levels of PSV (i.e., the patient performs more of the inspiratory effort) likely results in larger differences in levels of diaphragm dysfunction and atrophy between PSV and CMV.
Both CMv and High-Level PSv Are Associated With Diaphragmatic Oxidative Stress and Protease Activation
Prolonged CMV promotes a rapid onset of diaphragmatic oxidative damage resulting in oxidation of numerous cellular components including contractile proteins (3, 6, 7, 42, 51, 52) . This is important because prevention of MV-induced oxidative stress through antioxidants rescues the diaphragm from protease activation (i.e., calpain and caspase-3), atrophy, and contractile dysfunction (6, 10, 43) . Indeed, MV-induced oxidative stress is a required upstream signal to activate proteases and promote the loss of diaphragm muscle protein (6, 10, 43) . Therefore, to determine whether the magnitude of diaphragmatic oxidative damage differs between prolonged bouts of PSV and CMV, we assessed diaphragmatic levels of 4-HNEconjugated proteins as a biomarker of oxidative stress. Our findings reveal that compared with the control, diaphragmatic levels of 4-HNE were significantly elevated in all of the MV groups except those animals exposed to 12 hrs of PSV ( Fig. 1) . Similarly, diaphragmatic protease activities for animals ventilated for 12 hrs using PSV did not differ from the control (Figs. 2-4) . In contrast, diaphragmatic activities of calpin-1, caspase-3, and the 20S proteasome were significantly higher in the 12CMV, 18PSV, and 18CMV groups compared with the control (Fig. 2-4 ). Collectively, these findings are consistent with the notion that oxidative stress is a requirement for MV-induced protease activation in the diaphragm. However, it is interesting that although 12 hrs of PSV was not associated with diaphragmatic oxidative damage or protease activation, 12 hrs of PSV did promote diaphragmatic atrophy and contractile dysfunction. Although our data do not provide a definitive mechanism to explain these findings, several possibilities exist. First, it is possible that 12 hrs of PSV did result in disturbed diaphragmatic redox balance but the measurement of 4-HNE protein adducts were not sufficient to detect small changes in diaphragmatic redox balance. Furthermore, the possibility exists that small increases in protease activity occurred in the diaphragms of animals exposed to 12 hrs of PSV but our measurements of protease activation were not sensitive enough to detect these changes. In support of both of these possibilities, note that compared with the control, the mean diaphragmatic levels of 4-HNE and calpain I activity tended to be higher in the animals exposed to 12 hrs of PSV. Finally, the possibility also exists that PSV resulted in decreased diaphragm protein synthesis without an increase in proteolysis and this imbalance in protein turnover was responsible for the myofiber atrophy that occurred in the type IIx/b fibers in the diaphragm of animals exposed to 12 hrs of PSV.
CONCLUSIONS
The present experiments provide new and important information regarding the impact of different modes of MV on diaphragmatic weakness and reveal that prolonged high-level PSV promotes diaphragmatic atrophy and contractile dysfunction. Furthermore, similar to CMV, high-level PSV-induced diaphragmatic atrophy is associated with both diaphragmatic oxidative stress and protease activation.
